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Introduction:

The use of fluorescent m-conjugated polymers in emerging technologies, such as
LED displays,’ sensors,” and lasers,” is rapidly expanding since the first demonstration of
an LED device using these polymers in 1990.* To be used in commercial applications,
the emitting materials must have the qualities required for high performance LEDs such
as electrical and thermal stability, processibility, color emission, and luminescence
efficiency. To date, there is no organic or polymer material that fulfills all these qualities
and such a material still needs to be invented. A variety of polymeric materials have

been investigated in search of higher efficiency and better stability.

As an important example in the field, poly(para-phenyleneethynylene) (PPE)
derivatives® have also exhibited many attractive properties. Incorporation of a meta-
phenylene linkage along the PPE backbone?® effectively interrupts the m-conjugation,
thereby leading to chromophores with defined conjugation length. Introduction of a bent
angle along the polymer backbone at the meta-phenylene group clearly modifies the
chain stiffness, thus leading to the simultaneous improvement6 in both solubility and
luminescence efficiency. Although poly(m-phe:nyleneethynylene)7 of high molecular
weights is reported to be insoluble, the copolymer 2 with both para- and meta-phenylene
units alternately occurring along the chain exhibits good solubility in common organic
solvents. The results suggest that alkyl side chains on 2 are still necessary to keep the
polymer soluble. Our objectives during the funding period are to further investigate the
impact of m-phenylene to 7-conjugated polymers. Although the initial advantage of an
m-phenylene in the n-conjugated polymers is observed in PPE, the investigation has been
expanded to poly(phenylene vinylene) (PPV) material, which is one of the most
promising polymers for LED and laser applications. On the basis of two different types
of polymer structures, the report is consisting of two parts. The synthesis and optical
properties of meta-phenylene-containing PPE are summarized in the part one, and the

accomplishments on the PPV materials are in the part two.



Part One. Poly(phenylene ethynylene)s (PPE) with Defined Conjugation Length

1. Synthesis, Chain Rigidity, and Luminescence of Poly[(1,3-
phenyleneethynylene)-alt-tris(2,5-dialkoxy-1,4-phenyleneethynylene)]s

As a result of the linear bond geometry of acetylene and para-phenylene linkages,
the polymer backbone of 1 is expected to exhibit a rigid-rod conformation, which is of
fundamental and theoretical interest. The Mark-Houwink exponent® of 1 has been
reported to be o ~ 1.92, consisting with its high chain stiffness. A light-scattering study’
shows that the polymer conformation is nearly rod-like for relative low Mw (< 50 000),
but appears to be coil-like in solution for the high molecular weights. Introduction of a
bent angle along the polymer backbone at the mefa-phenylene, however, drastically
lowers the Mark-Houwink o, exponent to about 0.65 for polymer 2.5 A fundamental
question remains whether a smaller percentage (i.e., < 50%) of mefa-phenylene units will
be sufficient to improve the solubility and processibility of PPEs. To further evaluate the
impact of meta-phenylene to the chain rigidity of PPEs, we have synthesized polymer 5,

in which the content of meta-phenylene is decreased to 25%. The higher content of para-

phenylene in 5 will also tune the emission color (red-shift

OR
relative to 2), thereby expanding the application scope of E Q _ EI
these meta-phenylene-based polymers. The regular location RO n

1
of the meta-phenyleneethynylene unit along the backbone of oR
5, following three consecutive para-phenyleneethynylene O ﬁQ

: : : 120.2°

units, leads to a polymer with a uniformly defined RO )

chromophore structure.

Polymer Synthesis and Characterization. The desired monomer, 1,3-bis[(2,5-
dibutoxy-4-ethynylphenyl)ethynyl]benzene derivative 4 was conveniently synthesized by
reacting 2,5-dibutoxy-1-trimethylsilylethynyl-4-ethynylbenzene (3) with 1,3-

diiodobenzene derivatives in the presence of palladium catalyst.10 Polymerization of 4



with 2,5-dibutoxy-1,4-diiodobenzene gave polymer 5 as a yellow solid after precipitation
from methanol. Infrared spectra of polymer films detected no absorbance at ~3290 cm™!
(acetylenic C-H stretch), which is moderately strong in the monomer 4. Complete
polymerization was further confirmed by the 'H NMR spectra, which showed no
acetylenic resonance signals at ~3.35 ppm. The resonance signals at about 4.04 and 4.34
ppm (in a ratio of 6:1) in the 'H NMR spectrum of 5b can be attributed to ~OCH,~
protons from the alkoxy side chain on the p-phenylene and m-phenylene, respectively.
The presence of only one Ar—-CHj resonance signal at ~2.25 ppm supports the structural
regularity along the polymer backbone. Although bearing only short n-butyl side chains,
polymer 5 was quite soluble in the common organic solvents such as toluene, chloroform

and THF. Uniform thin films could be readily cast from their solutions.

OCH, ,  1.PdCL(PPhy),
_ — s 4 /Cul / Et;N
2. KOH
C,H,0 I I
3 R,
OCH,
e
C,H0

PACI,(PPh,), / Cul

(2 R;=H, R, =H; b: R,=0C,H,, R,~CH,)

Scheme 1.  Polymer Synthesis.

Molecular Weight and Chain Stiffness. The molecular weights of S, which are
listed in Table 1, were determined in THF by using size exclusion chromatography (SEC)
equipped with on-line refractive index (RI), light-scattering (LS), and viscometer
detectors (Figure 2). The combination of high molecular weight, low polydispersity
(PDI), and monomodal distribution, in addition to the high polymerization yield (~80%),

suggested that the polymerization proceeded smoothly as expected. The number-average



degree of polymerization (DP) was estimated to be n ~ 13 for Sa and n ~ 27 for S5b by

using the respective M, and molecular weight of the respective repeating unit.

By using the on-line viscometer detector, the Mark-Houwink o exponent for
polymer 5 was estimated to be ~0.78 in THF solvent at room temperature, which is only
slightly higher than o ~ 0.65 for 2. The instrument was calibrated by using a broad
polystyrene standard, which gave an o value of 0.714 (in agreement with the literature
value). The polymer backbone of 5 can be simply viewed as a series of the rigid-rod

components 7 joined together via sharing the common m-phenylene linkages. Although

the rigid-rod length is significantly

OR
increased from ~1.65 nm (for 2) to ~3.01
RO

nm (for 5), the o value of the polymer is

~ 1.65 nm
only slightly increased. In summary, the 6

observed Mark-Houwink exponent (o = OR OR oR
0.78) shows that the polymer 5 adopts a , = . = . = ’ = Q
RO RO RO
random-coil conformation in THF a
~3.01 nm

solution. 7

Photoabsorption and Photoluminescence (PL). The UV-vis absorption of § in
dilute THF (Figure 1) showed a major band at ~ 397 nm (low energy band) and a minor
band at about 311 nm (high energy band). In comparison with 2, the absorption Amax of §
is noticeably red-shifted from about 376 nm for 2 to ~397 nm for 5. As a result of the
effective m-conjugation interruption at the m-phenylene, the effective chromophore for
polymers 2 and 5 may be represented by the molecular fragments 6 and 7, respectively.
The bathochromic shift observed from 2 to 5, therefore, is due to the extended
conjugation length in the latter. It is also noted thét the high-energy absorption band at
~311 nm remained similar for both 2 and 5. The relative intensity of the high-energy
absorption band, however, decreases with the increased conjugation length. The trend is
also consistent with the results observed from 2 and its para-phenylene isomer poly[(2,5-

dialkoxy-1,4-phenylenevinylene)-alt-(1,4-phenylenevinylene)].
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Figure 1. Normalized UV-vis and PL spectra of polymers 5a (solid line) and 2 (dotted
line) in THF. The spectra of 5a at =108 °C are offset from that at 25 °C for clarity.

The emission profile of 5 is very similar to that of 2, although the emission Amax of
the former is significantly red-shifted from that of the latter (447 nm vs. 405 nm). Itis
also noticed that the peak width of 5 is essentially the same as that of 2, with the peak
width at half-height of ~34 nm. The narrow emission characteristics of 5 is in agreement
with the assumi)tion that the chromophore in the polymer is uniformly defined. The
fluorescence quantum efficiency (¢n) of § is higher than that of 2, which could be
partially attributed to the higher chain rigidity of the former. The longer conjugation

length of 5 (relative to 2) could be another reason for its high ¢q value.

The emission spectrum of 5 at 25 °C exhibited one major peak at about 447 nm
and a shoulder at about 469 nm (Figure 6), indicating the existence of vibronic structure.
As the temperature was lowered to —108 °C, several emission bands were observed with
Amax Values at 457, 482, and ~510 nm (corresponding to 21 882,20 747, and 19 607 cm

! respectively). The vibrational energy levels in the ground state of 5 (shown from the




emission spectrum) appeared to be about equally spaced with a wavenumber separation
of ~1135 cm™", which is expected from a harmonic oscillator model. The UV-vis
absorption spectrum of 5 was also partially resolved at —108 °C, showing an obvious
shoulder at ~440 nm (22 727 cm™"). This absorption band (Amax ~ 440 nm) was separated
from the emission band of the highest energy (Amax = 457 nm) by ~845 cm”!, which is
smaller than the required energy gap of 1135 cm™! for a lower energy level in a harmonic
oscillator model. The emission bands at 457, 482, and ~510 nm, therefore, are attributed

to 0-0, 0—1, and 0-2 transitions, respectively.

To examine the optical properties in the solid state, polymer films of 2 and 5 were
prepared by spin-casting their solutions onto quartz substrates. The absorption Amax of
films 5a and 5b were red-shifted by about 40 nm relative to their respective solution
spectra (Table 1), while the film 2 was red-shifted by only ~ 7 nm. The larger
bathochromic shift observed from 5 in the absorption spectra is in agreement with the
anticipated stronger interaction between chromophores of larger dimension (longer rigid
rod) in the solid state. The emission spectra of both films 2 and 5 were significantly red-
shifted from their respective solution spectra (~ 66 nm for the former and ~40 nm for the
later). The interesting pattern that a significant spectroscopic red-shift from the solution
to film states is observed from both the absorption and emission of 5, but only from the

emission of 2, indicates that a strong polymer chain-chain interaction may start

to occur even in the ground state of film 5.

It is also noticed that the absorption and 101

0.8 08

emission spectra of 5 in the solid state

LLE |08

become slightly more structured (Figure 2) ;

in comparison with their corresponding

UV Normalized Intensity
Aysuaju) pezieutoN d

0.2 0.2

solution spectra at room temperature. The

0.0+ - 00

high-energy emission peak of 5a (Amax = 487 B W0 % & & %o s &0 e

Wavelength (nm)

Figure 2. Normalized UV-vis and PL
profile, suggesting that the emission band at | spectra of films Sa (solid line) and 2
(dotted line).

nm) falls at the edge of its absorption

Amax = 487 nm might originate from a 0-0

transition.




EL Properties. The high luminescence of the polymer films of 5 indicated
potential applications in various devices. A double-layer LED with the
ITO/PEDOT/polymer/Ca/Al configuration utilizing polymer 5b as the emissive layer was
fabricated. The device emits green-yellow light as shown in Figure 3. The EL spectra
show an obvious voltage dependence: at 12 V and 17 V, the EL peak wavelengths are
577 nm and 547 nm respectively. Thus with an increase of the applied voltage, the EL
spectra show a remarkable blue shift of 30 nm. This change in EL is due to Joule heating
of the LED at higher current density, which results in a thermochromic effect. The
phenomenon can also result from a band-gap distribution in the polymer. At the higher
applied voltage, emission from the higher band-gap segments contribute more to the
spectrum. Compared with the solid state PL spectrum of 5b, the EL spectra show obvious
red shifts and a substantial spectral broadening. This results from LED interface effects
and structural defects in the polymer. The tailing in the long wavelength region can be
due to defects in the emissive polymer layer which act as new recombination centers in
which excitons radiatively decay yielding an emission different from that given by
excitons decaying on the pristine polymer main chain. The LED using Sb has a turn-on

voltage of 8 V and has an external quantum efficiency of 0.013%.

It should be noted that the 0—0 emission band at ~490 nm, which is the most
intense photoluminescent emission, becomes the minor peak in the EL spectrum. The
0—1 emission band at ~520 nm, which is well resolved in the PL spectrum, is also
observable in the EL spectrum. While emission from the higher vibronic transitions
remains a possibility to account for the red-shifted EL emission, the possible presence of
a second-optically active species and the formation of an exciplex may also contribute to

the spectral mismatch between the PL and EL profiles.
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Figure 3. Electroluminescence spectra for device ITO/PEDOT/5b/Ca/Al at different

voltages. The PL spectrum of film 5b is also shown for comparison.

120 v v r v T v r
T T T T T T T T 122
-1 20
100 |- ]
-1 18
—~
E wol 116
% 11 €
—~
; 60 |- . 42 &
2 o 10 @
S ] @
8 4 8 £
£ Y /= 1° 5
: /s 1o :
=1 'Y ]
O 2} 2 / 14
._._./. o] Jd2
‘..0-0-00'.‘.'.' O/ ]
o} o0&c0000000000—0" Jo
N R T TP S TV SR T 2
0 2 4 6 8 10 12 14 16
Voltage (V)

Figure 4. Current density(e)-voltage-brightness(O) relationship for device

ITO/PEDOT/5b/Ca/Al

10



Precise Control of Conjugation Length via m-Phenylene. One of the great

functions of meta-phenylene is its interruption on conjugation length. As seen from

Figure 5, the electrons of the two substitute groups “A” and “D”on the para-phenylene

can be delocalized by resonance structure, which allows the conjugation to be extended

across the benzene. When the two
substituents are placed on the meta-
phenylene, however, no resonance
structures can be drawn to link them. In
other words, the two substituents on the
meta-phenylene are electronically
independent, thereby allowing the control
of the conjugation length in a predictable
fashion. On the basis of the optical
absorption and emission properties of

polymers 8! 2,6 and Sa,w whose effective

chromophores can be described by molecular

fragments 9, 6, and 7, respectively, the absorption
Amax and emission Amax values are plotted versus the = O
length of para-phenylene ethynylene (Figure 6).

Lo
4o 7

Figure 5. Resonance between the two
pare-substituted groups (“A’ and “D”)
allows them to be linked electronically.
Resonance between the two meta-
substituted groups is forbidden.

The fairly good linear correlation shows reliable 8

prediction for the conjugation length of meta-

phenylene-containing polymers, which is desirable

==
for the emission color control of n-conjugated O

polymers.

11
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Figure 6. Plot of UV-vis (broken line) and fluorescence (solid line) Amax values in

solution versus the block length of para-phenylene ethynylene.

2. Poly(phenylene ethynylene)s with Cyano Functional Group

Since the initial observation of electroluminescence from poly(p-phenylene
ethynylene) 1,'>1 a number of studies have been carried out to improve the EL efficiency
of PPEs.!*!%15 As pointed out in the earlier section, the polymer backbone of PPEs has a
linear rigid-rod molecular geometry, thus rendering the polymer difficult to process. The
rod-like molecular geometry of PPEs is also responsible for their high tendency to form
molecular aggregates,“’ which represent an early stage in the transition to a solid state
structure and are known to have adverse effects on the luminescence efficiency of n-
conjugated molecules.”!® Thus, further improvement in luminescence efficiency of

PPEs remains a challenge in the field.

Our recent study shows that insertion of an m-phenylene into PPE, which leads to
the polymer 2, introduces a bent angle along the polymer chain, thereby simultaneously
improving the processibility and luminescence of the materials.® In addition, the
presence of the m-phenylene in 2 reduces the tendency for molecular aggregation,19
which may contribute positively to the morphological modification in the solid state. To

improve the optical properties of 2, it would be desirable to raise the luminescence

12



efficiency further. Since a cyano substituent on a phenyl ring often increases the
luminescence efficiency of an aromatic molecule,? we have investigated polymers of the

general structure 10, which bears the cyano- and alkoxy-groups on the m-phenylene ring.

Polymer Synthesis and Characterization. Monomer 12 was synthesized by
alkylation of 4-hydroxy-3,5-diiodobenzenecarbonitrile. Coupling?' between 12 and 2,5-
dialkoxy-1,4-diethynylbenzene in the presence of a palladium catalyst generated polymer
13, which is an example of 10 with a specific alkoxy group on the p-phenylene ring. The
'H NMR spectrum (Figure 7) showed two major aromatic protons at 7.0 and 7.7 ppm in
about 1:1 ratio, indicating that the reaction proceeded as expected to incorporate both m-
and p-phenylene units along the polymer chain. This was further confirmed by the
observation of two different ~OCH;— groups at 4.5 (on m-phenylene) and at 4.0 ppm (on
p-phenylene) in an approximately 1:2 ratio. The two minor aromatic proton signals
between 7.3 and 7.5 ppm are attributed, at least in part, to the phenyl groups at the chain
ends. Polymer 13 exhibited good solubility in common organic solvents such as THF,
chloroform, and toluene. The size exclusion chromatography (SEC) analysis of 13
(Figure 8) showed that the polymer had a monomodal distribution with normal
polydispersity (PDI~1.9-2.4), which is in agreement with the proposed linear polymer
chain structure. Uniform thin films could be conveniently cast from the polymer

solutions.

13



R

I I I
CN
12
OCsH,;
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H;C40
PdCl,(PPh;3),/Cul/Et;N
aaR~= n—C4H9; b:R= n—C6H13
Scheme 2. Synthesis of cyano-containing PPEs.
;,' ......... | SRR | SARARARAN AARAAAAN T | AARARARAN T T

Figure 7. '"H NMR spectrum of 13b in CDCls. The starred signals at 7.25 ppm is
attributed to CHCI; solvent.
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Figure 8. Size Exclusion Chromatography (SEC) chromatogram of 13b with on-line
refractive index (RI), viscosity (DP), and light-scattering (LS) detectors.

Absorption and Photoluminescence (PL). UV-vis absorption spectrum of CN-
PPE in THF exhibited two maxima with Ay ~315 and 395 nm (Table 2 and Figure 9).
The absorption Amax of 13 was red-shifted by about 20 nm from that of 2 (Amax=~ 375 nm,

Table 2) as a result of additional cyano and

alkoxy substituents at the m-phenylene of the [ 1o
former. Resulting from the effective n- g 08
conjugation interruption at adjacent m- % 05
phenylene units, the chromophores in 'g 044
polymers 2 and 13 can be represented by the : 02
molecular fragments 14 and 15, respectively. 0o-

T T T T T T 1
250 300 350 400 450 500 550 600

Therefore, each pair of alkoxy and cyano Wevetongh o)

substitution on the chromophore contributed . . .
Figure 9. UV-vis (solid line) and PL

(broken line) spectra of CN-PPE (OC6)
in THF.

about 10 nm increment in the absorption
maximum. The observed small substitution

effect?®? in 13 could be attributed to the

15




fact that the cyano group is meta-linked relative to the C=C triple bonds, which prevents
it from achieving an effective interaction with the primary n—n* absorption band alorig

the polymer backbone.

Table 2. Spectroscopic comparison between PPEs 2 and 13.

PPE polymers M, (PDI) Absorption | Fluorescence | Excitation o’

Amax (nm)”® Amax (nm)* Amax (nm)°

[13a 29,450 (2.3) | 315,394 | 422 (sh), 444 394 0.63
13b 21,200 (1.9) | 315,399 | 423 (sh), 443 392 0.60
2 (R= hexyl) 77,900 2.4) | 310,375 | 405, 425 (sh) 377 0.44

8JV-vis absorption and fluorescence data were obtained from their respective THF
solutions. °Fluorescence quantum efficiencies were measured in relative to quinine

sulfate standard®* while polymer solutions were excited at their absorption maxima.

Fluorescence of 13 showed a shoulder at about 423 nm, and a maximum at 443
nm, attributed to the 0~0 and 0-1 vibrational transitions. This assignment was further
‘conﬁrmed by acquiring the PL spectrum of 13 at different temperatures (Figure 10). As
the temperature was lowered, the emission shoulder at ~423 nm (00 transition) was
resolved into a pronounced peak. The relative emission intensity of the 0—0 transition
showed a temperature dependence such that at 25 °C, the most intense emission was from
the 0—1 transition, whose intensity gradually decreased as the temperature was lowered.
At —198 °C, the relative weak emission band at ~423 nm (0-0 transition) became the
more intense. It appeared that the relative emission intensities among the different
transitions were dependent, at least in part, on the chromophore environment rigidity,
which is a function of temperature.25 The fluorescence quantum efficiency of 13 in THF
solution was estimated to be about ¢g ~ 0.6, significantly higher than that of the parent
polymer 2 (¢g ~ 0.44). The presence of alkoxy and cyano substituents clearly played an
important role in the luminescence enhancement, although it was not clear whether their

co-existance was a significant factor.
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Figure 10. Photoluminescence of 13b in THF at 25, -108, and —195 °C. The spectra at

different temperatures are offset for clarity.

Optical Properties of the Polymer Films. The solid-state spectra were acquired
from polymer films spin-cast on quartz plates. The UV-vis absorption of film 13
exhibited nearly the same profile as its solution spectra, showing two absorption bands
with Amsx =~ 328 and 428 nm (Figure 11). The similarity between the solution and film
spectra supports the assumption that the chromophore in the polymer is well-defined.
The absorption Amax of film 13 was red-shifted from its solution Ayax by about 29 nm,

which was larger than the bathochromic shift of ~10 nm observed in 2. The larger

17




bathochromic shift observed from the solution to film spectra of 13 is consistent with its
polymer chain structure, as the polar cyano substituent on the polymer chain increases the
chromophore-chromophore interaction in the solid state. It should also be noted that the
absorption of film 2 exhibited two bands of about equal intensity. The relative intensity
of the high energy absorption band in the film 13 (at about 325 nm) significantly

decreased as a result of additional cyano and alkoxy substituents on the m-phenylene.

025 397mm | ----. Film 2
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Figure 11. UV-vis (A, top) and fluorescence (B, bottom) spectra of films 2 and 13b on

quartz plates.
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EL properties

To test the EL properties, polymer 13b was used to fabricate LED devices.
Green-yellow emission was observed from a double-layer device with ITO/PPV/13b/Ca
configuration, where PPV was used as a hole-transport layer. The EL spectrum (Figure
12) showed two peaks at 521 and 552nm, and one minor shoulder at 602 nm. The major
EL emission band of 13b at 552 nm was notably red-shifted compared to its film PL
emission band, and was attributed to the emission of 13b. The minor band at 521 nm
could be originated from the EL emission from the PPV layer, since 'its single layer

device (ITO/PPV/Ca) gave green emission at 500 and 529 nm (Figure 12, curve b).

Observation of both minor bands at 521
and 602 nm, however, suggested that they
belonged to the vibronic structures of 13b.
It should be noted that the EL emission
from the PPV layer in the double layer
device would be very low as the EL
emission of ITO/PEDOT/13b/Ca also
started at 450 nm (Figure 13). The

EL Intensity (a.u.)

s s ' L s " 1
400 450 500 550 600 650 700
Wavelength (nm)

maximum  brightness and external ) ) )
Figure 12. EL comparison between devices

fici for  devi
quantum  efficiency  for device | 1 bpy13h/ca (a) and ITO/PPV/Ca (b).

ITO/PPV/13b/Ca were found to be 20

cd/m? and 3.7x107% respectively.

The EL spectrum for the double-layer device ITO/PEDOT/13/a (Figure 13) was
significantly broader than that for ITO/PPV/13b/Ca, showing the effect of the hole-
transport layer. This was consistent with the observation that the emission of 13 was
quite sensitive to its environment (Figure 10). The emission peak of the device
ITO/PEDOT/13b/Ca was also found to be dependent on the voltage applied. A yellow
emission with the EL peak wavelength at 551 nm was observed at 22 V, which shifted to
594 nmat 31 V.
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Figure 13. EL spectra for the double-layer device ITO/PEDOT/6b/Ca under different applied

voltage.

Part Two: Inclusion of meta-phenylene unit in poly(phenylene vinylene) (PPV)

1. Impact of Side Chain Length to Luminescence of Poly[(m-phenylene
vinylene)-alt-(p-phenylene vinylene)]

On the basis of our recent study, introduction of meta-phenylene unit into the
linear rod-like chain of PPE 1 simultaneously improves the solubility and enhances the
photoluminescence efficiency of the polymers. Reasoning that the simultaneous
enhancement in PL and solubility could also be observed in PPV, we have synthesized
poly[(m-phenylene vinylene)-alt-(p-phenylene vinylene)] derivatives 17 with various
substituents. The polymers are yellow solids with the molecular weights ranging from
19,000 to 25,000. The olefins in the polymers are present in both cis- and frans-
configuration. On the basis of acquired "H NMR spectra, the ratio of the cis-/frans-olefin
bond in the polymer is estimated to be about 6:4. Polymers 17 are soluble in common

organic solvents (toluene, THF, chloroform), although they only bear short alkyl side
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chains. This finding confirms that the presence of meta-phenylene linkage plays an

important role to improve the solubility.

OR
BrPhgR - + OH cHo —EtONa CH= CH CH= CH}
© Zon/mE
PPh,Br
RO
16

a:R=n-CgH3; b: R=n-C4Hg; c: R=C;H;s

An essential element in our study is to examine the influence of meta-phenylene
linkage in the polymer to the luminescent properties of the materials. Polymers 17 are
highly luminescent in solution, with solution PL efficiency estimated to be ¢q = 0.80-
0.82 (emission centered at about 470 nm). The polymer films, spin-cast from their
solutions, are also found to be highly luminescent with emission peaked at about 504 nm
(green color). Direct comparison shows that the film 17a is about 4.5 times as high as the
standard PPV ﬁlin. The high PL efficiency of film 17 is estimated to be about 80% by
direct comparison with 9,10-diphenylanthracene dispersed in a PMMA film. Polymers
17a and 17b have been used to fabricate LED devices. Figure 14 shows the EL spectra
of 17a and 17b from double layer devices. It appears that the length of the side chain
does not affect the EL spectra. The device from 17b, however, appears to be more stable
than the corresponding device from 17a, indicating that the side chain do have some

impact on the device stability.
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Figure 14. Electroluminescence spectra of double layer devices (ITO/PPV/m-PPV 17/Ca)
under driving pulse voltage (10V).
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2. Impact of Trace Iodine to the Optical Properties of PPV

Recent studies?® have shown that poly[(m-phenylenevinylene)-alt-(p-
phenylenevinylene)] derivatives 17 (PmPVpPV) are green-emitting with high
photoluminescence (PL) efficiency. The polymers are generally synthesized via using
the Wittig condensation reaction (Scheme 3). The majority®® of the vinylene linkages in
the polymers 17 are in the cis-configuration. To reduce the chain defects in the polymer,
which may adversely affect the optical properties, it is desirable that the vinylene bonds
in 17 are in the thermodynamically more stable trans-configuration. Although polymer
18 with frans-vinylene linkages can be obtained by refluxing the toluene solution of 17 in
the presence of a catalytic amount of iodine, the polymer thus obtained may be |
contaminated by iodine, which is known to decrease the PL quantum yield*’ via the so-
called “heavy-atom” effect. In the iodine-catalyzed isomerization, the reaction may
proceed via a thermally induced iodine radical process as proposed in the conjugated
olefin system.?® Although only a catalytic amount of iodine (~0.2-0.3% by weight) is
used in the reaction, some iodine atom may be chemically bonded to the product to
generate some structural defects along the polymer backbone, which may adversely affect

the optical properties of the polymers.

The iodine-free PmPVpPV with a high content®® of trans-vinylene linkages (20b)
has been synthesized via the Wittig-Horner reaction. The solution PL efficiency of 20b
(¢n ~ 0.64 in THF) is measured to be the same as that of 18b, while the PL emission Amax
of the former is slightly red-shifted (AAmax = 1-2 nm). To further evaluate the impact of
the iodine treatment to the optical properties of PmPVpPV samples, especially in the film
state, we have made a comprehensive comparison between polymers 18 and 20, which
have similar content of trans-vinylene linkage. Since the iodine-catalyzed isomerization
remains to be a common method used in synthesizing poly(phenylenevinylene) (PPV)

3031, understanding the overall impact of the iodine treatment to the -

materials,
conjugated polymers, therefore, is desirable for the future development of luminescent

polymers.
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(a: R= n-hexyl; b: R= n-butyl)

Scheme 3. Synthesis of PPVs via the Wittig or Wittig-Horner reaction.

The iodine-catalyzed isomerization
of cis-1,2-diarylethene (21) might proceed
similarly as proposed for the isomerization
of conjugated dienes.*> As shown in the
Scheme 4, addition of an iodine radical to
21, followed by rotation of the carbon-
carbon single bond, produced the radical
22. Regeneration of the iodine radical
from 22 would lead to the desired frans-
1,2-diarylethene (23). Hydrogen
abstraction from 22 or recombination of
22 with an iodine radical produced the
respective iodine-contaminated structures
24 or 25. Elemental analysis of 18a
showed that the sample contained ~0.26%

Ar Ar
21 Ar Ar
I: /Ar Ar
——— . P / + I
Ar Ar‘
22 23
/"
1 Ar I Ar
Ar Ar I

24 25

Scheme 4. Mechanism of iodine-
catalyzed isomerizartion.
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iodine elements, indicating that about 1 per 241 phenylenevinylene units*> might contain
an iodine atom introduced during the isomerization process. The average number of
phenylenevinylene units for polymer 18a is estimated to be only 71, by using the
number-average molecular weight. This result suggests that only a small fraction (less
than 0.3%) of polymer chains is contaminated by iodine. Both infrared and NMR (‘H
and °C) spectra detected no difference between polymers 18 and 20, supporting the

assumption that the iodine-contamination in the former would be very low.

Photoabsorption and Photoluminescence of Solutions. Figure 15 shows the
UV-vis spectra of 18a and 20a in THF solution at room temperature, exhibiting two
absorption bands (Amax = 328 and ~406 nm). The Amax value of the low energy absorption
band was measured to be 406 nm and 410 nm for polymers 18a and 20a, respectively.

As the temperature was lowered from 25°C to —108°C (still in solution state), both
spectra were red-shifted similarly, indicating the adoption of a more planar conformation
at the low temperature. In addition, the low energy absorption band was resolved into
two bands at —108°C (Amax = 415 and 437 nm for 18a; and Ayax = 420 and 438 nm for

20a), due to the reduced rotation and increased solvent viscosity at the low temperature.
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Figure 15. UV-vis spectra of 20a (solid line) and 18a (broken line) in THF at 25°C and

—108°C. The spectra at different temperature are offset for clarity.
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Fluorescence spectra of 20a and 18a at room temperature (Figure 16) revealed
very similar emission profile with emission Amax at 447 and 475 nm. The solution
fluorescence quantum efficiency ¢g (Table 3) for polymers 18 and 20 were comparable.
Although both polymers gave more intense emission at 447 nm, their relative emission
intensities at 475 nm were different. The possible iodine contamination in 18, therefore,
appeared to have only small effect on the luminescent property of the molecule, which is

in agreement with the fact that the concentration of the iodine-contaminated repeating

unit is very low.

N
T

1.5 -

PL Intensity (a.u.)
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| 25°C
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Figure 16. Normalized solution PL spectra of 20a (solid line) and 18a (broken line) at
25°C and —-108°C in THF, and at —198°C in a solvent mixture (diethyl ether, ethanol, and

2-methylbutane in a ration of 1:1:1). The spectra at different temperature are offset for

clarity.

As the temperature was lowered to —108°C, the spectra were also noticeably red-
shifted with emission peaks at 454, 491, and 526 nm (corresponding to the wavenumber
0f 22026 cm™!, 20367 cm™, and 19011 cm™, respectively). The emission peaks appeared
to be about equally spaced with a wavelength separation of ~35 nm (or a wavenumber

separation of ~1659 cm™"), which is larger than the difference between the high-energy
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emission band (at 454 nm) and the low-energy' absorption band (at ~437 nm). Based on
the theoretical model** of an Anharmonic Oscillator, the emission peaks of 454, 491, and
526 nm in the spectrum of —108°C were assigned to the 0-0, 0-1 , and 0-2 transitions,
respectively. Interestingly, the 0—1 band became the most intense emission at —108°C.
When the temperature was lowered to —198°C (sample was completely frozen), the
relative intensity of 0—1 band was further slightly increased at the expense of 0—0 band.
This change in relative emission intensity was apparently related to the molecular
conformation change at the low temperature, which was observed from the bathochromic

shifts in both absorption and fluorescence spectra.

Thin Film Optical Properties. Figure 17 showed the absorption spectra of films
cast on the quartz surface. The absorption profile of 18a overlapped very well with that
of 20a at room temperature. As the films were immersed in liquid nitrogen (at —198°C),
however, the spectrum of 20a was noticeably red-shifted (~8 nm) from that of 18a. As
previously shown from their solution absorption spectra (Figure 15), the chromophores in
both 20a and 18a had the similar tendency to adopt a more planar molecular
conformation at the low temperature. The tendency for the chromophores in the
polymers to achieve a more planar conformation was greatly reduced in the film state, as
the motion of the polymer chains was restricted. The observed bathochromic shift of the
film 20a from the film 18a at the low temperature suggested that the chromophore in the
former was packed in a slightly different environment than that in the latter. The
presence of the small amount of the structural defects present in 18a could interfere with
the molecular packing in the film state, thereby resulting in a difference between the

packing environments for the films 18a and 20a.

At —198°C, the broad low-energy absorption band of 20a appeared to be resolved
into two peaks (Amax at 425 and 446 nm), attributing to the further reduced vibration and
rotation at the low temperature. The difference (AAmax =21 nm) between the two newly
resolved peaks in the film 20a at the low temperature matched very well with that (AAmax

=18 nm) observed from its solution at —108°C, indicating that the resolved absorption
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bands in the film were intrinsic molecular property of the chromophore in the polymer.
In comparison with the film 20a, the absorption band of 18a was less resolved at —198°C,

which seemed to be in agreement with the assumption that the chromophore in the latter

had a less planar conformation.

Absorbance (a.u.)

200 250 300 350 400
Wavelength (nm)

Figure 17. UV-vis spectra of films 20a (solid line) and 18a (broken line) on quartz at
25°C and —198°C. The spectra at different temperature are offset for clarity.
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Figure 18. PL spectra of films 20a (solid line) and 18a (broken line) on quartz at 25°C

and —198°C. The spectra at different temperature are offset for clarity.
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Although the absorption spectra of films 18a and 20a exhibited nearly the same
profile at room temperature, their PL spectra showed noticeable difference (Figure 18).
At —198°C, the broad emission peak of film 20a was partially resolved into two bands
with Amax at 516 and 544 nm, which matched very closely with the emission peaks of 516
and 549 nm from the film 18a. The observed similarity in the vibronic structure of films
18a and 20a confirmed the presence of the same emission chromophore in both
polymers. Polymers 18a and 20a exhibited quite different emission intensity ratio at
peaks 516 and 544 nm, indicating the potential influence of different sample preparation
on the luminescent property. In addition, the PL spectra of the polymer at ~198°C were
slightly red-shifted (about 7-14 nm) from that at room temperature. This PL spectral red-
shift is much smaller than that observed from MEH-PPV films (~32 nm)*’ when the
temperature was changed in a similar range (from 12°C to —192°C), partially attributed to
the defined conjugation length present in both 18 and 20.

The corresponding wavenumber for the emission peaks at 516 and 544 nm are
19380 cm™! and 18382 cm™'. The wavenumber separation between the adjacent vibronic
energy levels in the films, therefore, was estimated to be 998 pm"l. The wavenumber
separation between the absorption band of the lowest energy at 466 nm (21459 cm™,
Figure 17) and the emission band of the highest energy at 516 nm (Figure 18) was
estimated to be 2079 cm™!, which was slightly more than twice as large as the adjacent
viberational energy gap of ~998 cm™! in the ground state (observed from the emission
spectrum). The large separation between the absorption band at 466 nm and the
emission band at 516 nm suggested that the emission peaks at 516 nm and 544 nm from
the films could originate from the 0—1 and 0-2 transitions, respectively. The assignment
appeared to be in agreement with the observation from the solution PL spectra, where the
emission from the 0—1 and 0-2 transition increased greatly at the expense of the 0-0

emission when the molecule was frozen into a rigid environment (Figure 16).
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In order to examine the PL quantum efficiency, thin films of 20a and 18a were
prepared on quartz plates. To minimize the effect of film thickness, the films were spin-
cast from their solutions so that their absorbance values at absorption Amax Were between
0.09-0.1. At room temperature, film 20a exhibited constantly higher emission intensity
than that of 18a. The observed larger impact from the trace iodine element in the
polymer films, in comparison with their solution PL efficiencies, could be rationalized by
considering the interaction between the trace iodine element and polymer chain. In the
dilute solution, interaction between iodine and polymer chain is predominantly limited to
intramolecular interaction. In the films, however, the intimate packing of polymer chains
permits the trace iodine element to interact both intra- and inter-molecularly with the
neighboring polymer chains, thereby allowing each iodine atom to exerting influence on

more than one molecules.

EL Properties. LED devices were fabricated under the identical experimental
conditions to compare the EL properties. The double layer device ITO/PEDOT/18a or
20a /Ca gave green emission, although the emission peaks of 18a (at 513 and 539 nm)
was slightly red-shifted from that of 20a (513 and 523 nm). The EL spectra (Figure 19)
of 18a and 20a conformed very well with their respective film PL spectra, indicating that
both PL and EL originated from the same radiative decay process of the singlet exciton.'®

Turn-on voltage for the device of 20a (~3.5 V) was noticeably lower than that for 18a (~5

V). In addition, the external quantum
efficiency for the device of 20a (0.16%) was 208
remarkably higher than that for 18a

(0.036%). The drastic improvement in the

device efficiency is apparently due to the

EL Intensity (a.u.)

balanced electron/hole injection achieved in 168

the polymer layer 20a (Figure 20). The
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lower EL efficiency of 18a is clearly
associated with the presence of trace iodine Figure 19. EL spectra of 18a and 20a
contaminant, which lowers its PL efficiency | with the device configuration

in the film state. ITO/PEDOT/polymer/Ca.
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Figure 20. Current density-voltage-brightness relationship for the device
ITO/PEDOT/polymer/Ca.

In summary, a systematic study has been carried out to investigate the influence
of the iodine-catalyzed isomerization on the optical properties of PmPVpPV. Although

little effect is observed in solution, the potential contamination from the iodine-catalyzed
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isomerization exhibits noticeable influence on the optical properties of the polymer films,

especially at the low temperature. With the aid of the low temperature spectroscopic

study, the majority of emission from the films are likely originating from the 01 and 0-2

transitions. Electroluminescent characteristics shows that the iodine contamination may

cause imbalanced electron-hole injection, thereby lowering the device efficiency. The

iodine-free polymer permits a balanced injection of electron-hole, thus greatly improving

the EL efficiency to 0.16% in a device configuration of ITO/PEDOT/polymer/Ca.

3. Impact of Substitution Pattern to Luminescence.
As discussed in previous sections, poly[(m-
phenylenevinylene)-alt-(p-phenylenevinylene)]
(PmPVpPV) derivatives (2())26’36'39 are green-emitting with
high photoluminescence (PL) efficiency. It is noted that
the phenylene units in PmPVpPV are linked alternately at
meta- and para-positions. While the alkoxy substituents in
20 are placed only on p-phenylene, we have investigated
the optical properties of PmPVpPV 26 which bears
substituents solely on m—phenylene.4° The results show that
substitution on the different type of phenylene rings can
affect the optical properties (emission wavelength and

efficiency) of the respective materials in a different way.
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The molecular fragment 28 represents a section of PmPVpPV backbone.
Benefiting from the effective n-conjugation interruption at m-phenylene linkage, the
chromophore in PmPVpPV can be described as p-phenylenedivinylene sandwiched
between the two adjacent m-phenylene units. Depending on the location of substituent
“Y” on the p-phenylene or m-phenylene, the electronic impact of substituent will be
centered near the middle or edge of the chromophore, respectively. Such arrangement in
substitution is anticipated to affect the electron density distribution along the
chromophore, which will have direct impact on the charge injection process in the
polymer layer. Substitution can also affect the morphology of the polymer films, which
will not only influence the PL process in the film state, but may also play a positive role
in improving the contact between the polymer film and LED electrode. In addition, a
substituent placed on an m-phenylene exerts its electronic effect simultaneously on both
chromophores, as two adjacent chromophores in PmPVpPV share a common m-

phenylene unit.

Due to inclusion of fwo adjacent m-phenylene units, the chromophore of 26
contains two alkoxy substitutes. In addition, the alkoxy group in 26 is located at an
ortho-position to vinylene, thereby generating similar electronic impact as that in 20.
Under an ideal situation, quantitative information about the substitution effect at p- and
m-phenylene can be obtained by comparison of 20 and 26 with the simplest PmPVpPV
28 (“Y” = “H”). Insolubility of 28, however, hampers such a comparison. To evaluate
the substitution impact at m- and p-phenylene on the optical properties of PmPVpPV
materials, an alternative approach is to synthesize polymer 27, in which the substituents
are present on both m- and p-phenylenes. Comparison between the optical properties of
20, 26, and 27 is expected to provide some useful information to reveal the impact of

substitution pattern on PmPVpPV materials.

Polymer Synthesis. Polymerization of 2,5-bis(hexyloxy)benzene-1,4-dialdehyde
with 2-hexyloxy-5-methyl-1,3-xylene tetraethyldiphosphonate in THF under the presence
of potassium tert-butoxide produced yellow polymer 27 (Scheme 5). The obtained
polymer 27 was readily soluble in common organic solvents such as toluene, chloroform,

and THF, partially ascribing to the increased alkyl side chain population on PmPVpPV
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backbone. As anticipated from the Wittig-Horner condensation,*! majofity of the
vinylene bonds (~61%) in 27 were in trans-configuration, on the basis of 'H NMR
analysis results. Size exclusion chromatography (SEC) with light-scattering detector
showed that polymer 27 had a molecular weight of 10,600. The number-average degree
of polymerization was estimated to be n~12. Uniform thin film could be easily cast from
its solution. To aid the structural analysis of 27, a model compound 32 was prepared
similarly by condensation of 2-(diethylphosphonate)-1-hexyloxy-4-methyl-benzene 31
with 2,5-bis(hexyloxy)benzene-1,4-dialdehyde 30.

H;, H,
0O
P(OEt), 1] ]
Br Br -—A—3h—-—> (E10),P. P(OEt),
OCeH,; OCEH,,

29

0
t-BUOK / THF, it Cellis c
ocC CH cH”
6H13 CHé

OH CHO C¢H,50

CH,

H;;CO
1346 30

Scheme 5. Synthesis of polymer and its model compound.
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Photoabsorption and Photoluminescence (PL). The UV-vis absorption and
fluorescence spectra of 27 were acquired in dilute THF (Figure 21), in comparison with
that of 20 and 26 under the same conditions. UV-vis absorption spectrum of 27 exhibited
a major band (Amax = 415 nm) and a minor band (Amax = 332 nm), which was slightly red-
shifted (~5 nm) from that of 20. The observed bathochromic shift from 20 was due to the
additional alkoxy and methyl groups on the m-phenylene of 27. The absorption profile of
27 was very similar to that of 20, but different from that of 26, attributing to the commoh
structural unit 2,5-alkoxy-1,4-phenylene present in both 20 and 27. The spectral
similarity between 20 and 27 also indicated that the electronic band structure of
PmPVpPV might be more sensitive to perturbation from p-phenylene unit, which is

located near the center of the chromophore.
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Figure 21. UV-vis (dotted line) and PL (solid line) of polymers 27 (top), 26 (middle), and

20 (bottom) in dilute THF solutions at room temperature.

It should be noted that there were three possible structural fragments (33, 34, and
35) randomly distributed along the polymer chain 27, as a result from effective 7-
conjugation interruption at m-phenylene linkage. Since a frans-olefin permits a longer

conjugation length than the corresponding cis-olefin,*? the fragment 33 with both olefins
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in trans-configuration will have a lower band-gap than the isomeric fragments 34 (with

cis-, trans-configuration) and 35 (with cis-, cis-configuration). When these
chromophores are jointed next to each other via sharing a common m-phenylene bridge,
intramolecular energy transfer*? would occur from a high band-gap chromophore (34 or
35) to a low band-gap chromophore (33), as observed from emission of PmPVpPV with
different ratio of cis-/trans-CH=CH.?® As a result, emission of polymer 27 is solely from
the low band-gap 33, and its emission spectrum will not be affected by different cis-
/trans-CH=CH ratio present in the polymer structure. In contrast to its emission, the

optical absorption of polymer 27 consisted of contribution from all chromophores 33-35.

Fluorescence of polymers in THF revealed the similar trend as observed in
absorption spectra, showing that the emission Ama of 27 was slightly red-shifted from
that of 20 (by ~8 nm). The emission profile of 27 was similar to that of 20 and 26, with a
major band at higher energy and a minor band at lower energy. As seen from Table 4,
the high-energy emission band of 27 (Amax =453 nm) was red-shifted by about 8 nm from
that of 20 (Amax = 445 nm), and by about 41 nm from that of 26 (Amax = 412 nm). Larger
bathochromic shift observed from 26 to 27 than that from 20 to 27 indicated that the
alkoxy substitution on the p-phenylene was more effective in tuning the emission color of
PmPVpPV, which was consistent with that observed in the absorption spectra.
Fluorescence quantum efficiency of 27 in THF was estimated to be 0.78, which was
higher than 20 (¢5 = 60%) and 26 (¢n = 71%), further revealing the substitution impact to
molecular luminescent properties of PmPVpPV. The observed higher ﬂuoresc\ence
efficiency could be ascribed to the higher alkoxy population present on the chromophore

of 27, which is known to improve the fluorescence of an aromatic organic molecule.*
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As pointed out in the earlier sections, the substituent located on the m-phenylene
of PmPVpPV exerts its substitution effect simultaneously to two adjacent chromophores.
A natural concern is whether the substitution effect on the m-phenylene is diluted. To
address this question, spectral comparison was made between the model compounds 36,
37, and 32, which closely represent the chromophores in polymers 20, 26, and 27,
respectively. The alkoxy and methyl substituents on the side phenyl rings of these model
compounds are no longer shared between two chromophores. Comparison between these
model compounds (Table 5 and Figure 22) showed that the high-energy emission band of
32 (Amax =448 nm) was red-shifted
by 9 nm from that of 36 (Amax =439
nm), and by 36 nm from that of 37 32

(Amax =412 nm). In other words,
the magnitude of the substitution

effect observed from the model

Normalized Intensity (a.u.)

compounds 32, 37, and 36 was 1.0

similar to that observed from 0536

PmPVpPVs 27, 26, and 20. The
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substitution effect on the m-
Figure 22. UV-vis (dotted line) and

phenylene was not diluted, despite
fluorescence (solid line) spectra of model
compounds 36 (bottom), 37 (middle), and 32

(top)at ambient temperature.

the fact that m-phenylene is shared
between the two  adjacent

chromophores.
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The absorption and fluorescence Amax values of 32 were at 396 and 448 nm,
respectively, which were quite comparable to that of polymer 27 at 415 and 453. The
small difference in both absorption (Amax =9 nm) and emission (Akmax = 5 nm) between
the model chromophore 32 and polymer 27 was well within the anticipated substitution
effect. In addition to their similar absorption and emission energy, nearly identical
absorption and emission profiles between 32 and 27 further confirmed the presence of
confined chromophore structure as a .result of effective m-conjugation interruption at m-
phenylene. Fluorescence quantum efficiency of 32 was estimated to be as high as 80%.
Comparable fluorescence quantum efficiency between the polymers (27, 26, and 20) and
their model compounds (32, 37, and 36) indicated that the high efficiency of the former

was largely determined by its local chromophore structure.

Low Temperature UV-Vis and PL. The solution UV-vis spectrum of 27 at 25
°C showed peaks With Amax at 332 and 415 nm (Figure 23). As temperature was lowered
to —108 °C, the Amax values were red-shifted to 337 and 434 nm, respectively, partially
attributing to more co-planar conformation achieved at the low temperature. The‘
fluorescence spectrum of 27 at —108 °C became more resolved than that at 25 °C. The
emission bands were slightly red-shifted by about 5-7 nm to 458 and 489 nm
(corresponding to the wavenumber of 21 834 and 20 450 cm™, respectively). The
vibrational energy level of 27 in the ground state (as shown from its emission spectrum),
therefore, was estimated to be about 1384 cm™', which is comparable with 1362 cm™! for
26*° but notably smaller than 1659 cm™’ for 20.*° The vibrational energy gap of
PmPVpPV appeared to be irregularly dependent on the substitution pattern on the
polymer backbone, as the lone pair electron on alkoxy group can exert direct impact to
the m-conjugated orbitals. The energy difference between overlapping low-energy
absorption band (Amax = 434 nm, or 23 041 cm™!) and the high-energy emission band
(Amax = 458 nm, or 21 834 cm‘l) was estimated to be 1207 cm™, which is smaller than fhe
required adjacent vibrational energy gap of at least 1384 cm™! for a lower energy level in
an oscillator model.** Therefore, it is likely that the emission band at about 458 and 489

nm are corresponding to 0-0 and 0-1 transitions, respectively. ~ Further cooling the
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solution to liquid nitrogen temperature (—198 °C) froze the solution to nontransparent

solid, but did not clearly resolve the 0-2 band at about 525 nm.
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Figure 23. UV-vis and PL spectra of polymer 27 in THF solution at +25 °C, ~108 °C,
and —-198 °C.

Optical Properties of Films. Polymers films 27, 26, and 20 were spin-cast on
quartz plates from their respective THF solutions. Their UV-vis absorption and PL
spectra were recorded at room temperature (Figure 24). The absorption profiles in the
film states are very similar to that in their respective solutions, in agreement with the
localized chromophore structures. The absorption peaks of polymer films are red-shifted
from that of respective solutions by about 1 nm for 27, 7 nm for 26, and 21 nm for 20
(Table 4). In addition, the PL spectra of polymer films exhibits less structured feature in
comparison with that of their respective solution spectra. Emission profile of 27 is
characterized by a peak at 529 and a shoulder at about 557 nm, which is notably different
from that of 26 (two peaks at 489 and 519 nm) and 20 (a shoulder at about 513 and a
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peak at 531 nm). It appears that the substitution pattern plays an important role in the
vibronic structure of PmPVpPV’s emission. Observation of clearly resolved emission
bands from film 26, but not from films 27 and 20, can be ascribed to the intrinsic
property of a defined chromophore structure, as the emission spectrum of model
compound 37 is better resolved than that of 32 and 36. It is also noted that the emission
of films is significantly red-shifted by about 80 nm from that of their respective solutions,
in sharp contrast to the small bathochromatic shift observed in the absorption spectra.
The results suggest a stronger chromophore-chromophore interaction occurred in the
excited state than that in the ground state, leading to possible fluorescence excimer

formation.
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Figure 24. UV-vis (dotted line) and PL (solid line) of polymer films 27 (top), 26

(middle), and 20 (bottom) at room temperature.
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EL properties of polymers were examined by fabricating double layer LEDs of
configuration ITO/PEDOT/polymer/Ca. The EL spectrum of film 27 (Figure 25) exhibits
a peak with Apa = 533 nm, which closely matches the PL peak at 529 nm. Similarity
between the PL and EL spectra of 27 suggests that both PL and EL originate from the
same radiative decay process of the singlet exciton.** The EL peak of 27 is red-shifted
from 20 (by ~10 nm)* and 26 (by ~37 nm),*? in consistency with the trend observed in
film PL spectra (Table 4). The current density and luminance vs voltage curves for LEDs
are shown in Figure 26. Under the same device configuration, a balanced electron/hole
injection is achieved in film 20, since the turn-on voltages for current and light are the
same. This desirable balance in charge injection is lost ih films 26 and 27, though at
different degree, suggesting that cﬁarge injection property of PmPVpPV is sensitive to
perturbation from substitution on meta-phenylene. The imbalanced electron/hole
injection is clearly responsible for the relatively lower EL efficiency of | 26 and 27 in
comparison with that of 20 (Table 4). The device turn-on voltages are 9.5 V for 27,4.5 V
for 26, and 3.5 V for 20, further showing the impact of meta-phenylene substitution to the
performance of LEDs. The higher current turn-on voltage for 27 (~6 V) also indicates a

higher charge injection barrier.

EL Intensity (a.u.)

400 450 500 550 600 650 700
Wavelength (nm)

Figure 25. EL spectrum for device ITO/PEDOT/polymer 27/Ca. EL spectra of 20 and 26

are shown for comparison.
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Table 5. Optical absorption and emission of model compounds 32, 36, and 37 at ambient

temperature.
compound | trans- Absorption | Fluorescence FWHM(n
CH=CH' | Amax (0m)" | Amax (nm)® | ¢2° m)
32 99% 323%,396 | 448,472 80% - 58
36 95% 324,390 439, 458 61%° 57
37 93% 371 412, 435 88% 60

*The content of trans-CH=CH was estimated from 'HNMR spectra in CDCl; solvent. ®The .
spectra were acquired from THF solution. The bold number indicates the most intense peak.

°Fluorescence quantum efficiencies (¢n) were measured from THF solution.
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Conclusion

During the reporting period, we have systematically examined the role of a meta-
phenylene in the n-conjugated polymers. Resulting form its effective n-conjugation
interruption, controllable insertion of m-phenylene along the polymer backbone is
demonstrated to be a useful tool for precise color tuning. Introduction of a bent angle at
the m-phenylene unit also improves the molecular packing in the solid state, thereby
enhancing the PL quantum efficiency in the solid state. Although original investigation is
focusing on the poly(phenylene ethynylene) system, the concept has been successfully

extended to poly(phenylene vinylene) system.

By synthesis of polymers with defined chemical structures, we have investigated
the impact of trace iodine to the luminescent properties of polymers. The results show
that the Wittig-Horner reaction is a preferred method to construct the vinylene bond of
trans-configuration. It is noted that there are two types of phenyl rings, i.e., m- and p-
phenyl rings, present along the PPV chain examined. Selective placement of substituent
on the different type of phenyl rings is found to significantly affect the luminescent
properties of the polymers. Through collaboration with Professor Karasz’s group at
UM ass, many of the polymers are shown be electroluminescent with EL efficiency
reaching as high as ~1%. The EL efficiency of this class of materials will be further

increased by improving the charge injection within the polymer layer.
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